Abstract. The effects of estradiol (E 2 ) and of an AFP-derived cyclized peptide (cP) on the proliferation of primary cultures of cancer cells isolated from spontaneous canine mammary tumors were studied. The cellular response to E 2 and cP was related to the expression of estradiol receptor (isoforms · and ß). In ER-positive cells, 2 nM estradiol increased cell proliferation and the phosphorylation of ERK1/2; 2 μg/ml cP inhibited all these effects. Estradiol also increased HER2 immunoreactivity in ER-positive cells, an effect that was reverted to its basal values by cP. Estradiol stimulated in these cells the release of MMP2 and MMP9 and the shedding of HB-EGF, effects that the cP did not affect. ER-negative cells were refractory to estradiol or cP. All canine mammary tumor cells in culture responded to treatments analogously to human mammary cancer cells. Our results support the proposal of cP as a new, potentially effective therapeutic agent for the management of mammary cancer.
Introduction
Estrogens play an important role in the normal development and occurrence of neoplasms in the mammary gland. 17ß-estradiol (E 2 ), the most potent natural estrogen, is necessary for growth and differentiation of the gland (1) and participates in the initiation and evolution of breast cancer (2) . It is widely accepted that the biological activities of estradiol are mediated by an estrogen receptor (ER), transcription factor that upon association with the hormone form dimers and activate the transcription of specific genes containing the estrogen response elements. In addition, estradiol bound to cytoplasmic or membrane-associated receptors promotes signaling pathways that crosstalk with those of other cell growth factors, for instance, members of the epidermal-(EGFR) and the insulinlike growth factor receptor (IGFR) families, both activating the kinase cascades (reviewed in ref. 3) . The acquired resistance to endocrine therapies of some mammary tumors treated with inhibitors of ER, is considered to result from strengthening of this signaling crosstalk (4) .
Few years ago researchers at the Albany Medical College, synthesized a cyclic oligopeptide (cP) that inhibited the growth of estradiol-dependent mammary tumors xenoimplanted into severely immuno-deficient mice (5, 6) . The cyclized peptide contains the minimal active amino acid sequence from · fetoprotein (AFP), exhibits a prolonged shelf life and is devoided of toxicity (6) . Consecutive studies by the group at Albany demonstrated that the oral administration of the cP to rats delayed the initiation and growth of mammary tumors induced by administration of the N-methyl-N-nitrosourea carcinogen (7, 8) . Using estrogen-sensitive human mammary cancer cells, we recently demonstrated that cP hinders the crosstalk between EGFR2 (HER2) and ER, decreasing the levels of phosphorylated extra-cellular kinases 1 and 2 (phospho-ERK1/2) and repressing the estradiol-stimulated cell proliferation (9, 10) . In addition, cP inhibited the effects of both EGF and transforming growth factor · (TGF·) on cell proliferation; the antiproliferative activity of the cP was independent of the presence of serum in the cultures (9) .
In female dogs, mammary cancer is the prevalent form of neoplasia, accounting for over 30% of all cancers (11, 12) . In these animals, estrogens and progestins act synergistically, promoting growth and differentiation of the mammary gland and the establishment and progression of cancer; therefore, a large number of canine mammary tumors retain steroiddependency (13). The spontaneous canine mammary tumors usually receive only surgical treatment, in few cases the animals are therapeutically irradiated and occasionally they are treated with (anti-)hormones. The assessment of ER and PR in canine mammary biopsies is seldom used for the prognosis of cancer, explaining in part the scarce application of endocrine therapy in these animals (14) . Interestingly, although canine and human · fetoprotein protein sequences differ slightly, the short domain containing the antiproliferative activity is highly conserved (15) . Therefore, anti-proliferative effect of the cP on cell growth of ERpositive canine mammary tumors could be anticipated.
The aim of this study was to investigate the effect of cP on estradiol-and EGF-dependent proliferation of canine mammary tumor cells in primary culture. Results show Tumor samples. Tissue samples were obtained in the course of surgeries at the Clinic of the Veterinary School of University of Chile. Samples from spontaneous tumors of bitches from diverse breeds and ages were obtained from animals diagnosed, anesthesized, and treated according to the animal welfare rules of the Ethics Committee from the Veterinary School. A small piece of the tumor tissue was plunged in buffered 4% paraformaldehyde, subsequently dehydrated and included in paraffin; afterwards, sections from the blocks were cut, stained with hematoxylin and eosin (H&E) and inspected for histopathological diagnosis. On the basis of histology, the tumors were classified according to the WHO standards for canine and feline mammary neoplasies (16) . Another sample of tissue (roughly 1 cm 3 ) was dissected and suspended in DMEM/F12 medium supplemented with 10% fetal bovine serum and antibiotics and used to isolate cells.
Immunohistochemistry. The expression of ER· and ERß proteins in tumors was analyzed by immunohistochemistry in de-waxed sections from the same blocks used for H&E staining. To retrieve the antigens, the slides containing sections of tumor samples in 10 mM citrate pH 6.0 buffer were boiled (3 times for 5 min) in an EMS Precision Pulsed microweaveoven. After cooling-down, the sections were treated with 1% glycine, blocked with 5% BSA in phosphate-buffered saline and incubated with appropriate dilutions of the respective primary antibodies. After several washes, the samples were incubated sequentially with biotinylated secondary antibodies and streptavidin-conjugated peroxidase (OmniTags Plus kit), following the manufacturer's instructions; the immunostaining was developed with DAB and 0.06% hydrogen peroxide in buffer. After exhaustive rinses, the sections were counterstained with Mayer hematoxylin, dehydrated with alcohol and xylenes and mounted with Entellan. Sections of canine uteri and ovary treated as described above served as positive controls for ER· and ß, respectively. For the negative controls, either non-immune rabbit IgG or 2% BSA replaced the primary antibody solutions. The tumors were classified on the basis of the percentage of stained cells in the sections, as follows: -, none or <5% of the cells stained; +, from 5 to 19% of the cells stained; ++, from 20 to 59% of the cells stained.
Primary cell cultures.
All procedures were done under sterile conditions at the cell culture laboratory: the tissue was carefully minced and treated overnight with 0.02% collagenase (type I) in DMEM/F12 supplemented with fetal bovine serum and antibiotics at 37˚C. Then, the cell suspension was filtered through nylon gauze (80-μm pore size) and cells were sedimented at 184 x g for 10 min. The sediment was suspended in DMEM/ F12 containing 10% fetal bovine serum and antibiotics; cells were seeded and further treated as indicated below.
Proliferation studies. Cells (approximately 20,000 cells/cm
2 ), were seeded and allowed to attach for 24 h in medium containing 10% fetal bovine serum, then media and nonadherent cells were removed. The attached cells were washed and further incubated for various periods in medium containing 5% charcoal-treated calf serum (CTCS) and either 2 nM estradiol, or 5 ng rh EGF, in the absence or presence of 2 μg/ml cP, media were renewed every 48 h. In some experiments 100 nM tamoxifen was added to samples containing 2 nM estradiol. Control cells were incubated in CTCS medium, containing or not 2 μg/ml of a control, scrambled peptide. After treatments, cells were washed with phosphate-buffered saline (PBS), detached (0.25% trypsin in 0.2 mM EDTA), resuspended in PBS, counted and assessed for viability (trypan blue). All experiments were done in triplicate and repeated at least twice.
Immunofluorescence studies. The expression of ER·, ERß, HER2/neu, CK14 and ESA in cultured cells was analyzed by indirect immunofluorescence in mammary tumor cells grown on sterile coverglasses. After specified treatments, the cells were fixed (methanol, 20 min at -20˚C), rinsed (PBS containing 2% BSA) and incubated for 1 h at RT with the primary antibodies diluted with PBS containing 2% BSA. (The dilutions used were: ER·, 25-fold; ERß, 100-fold; HER2/neu, 75-fold; CK14, 30-fold and ESA 10-fold, respectively). After extensive washes (PBS containing 2% BSA), cells were incubated with the appropriate fluorochrome-labeled secondary antibodies and the nuclei counterstained with Hoechst 33240. Finally, the cells were washed, mounted and viewed with a Zeiss Axiophot epifluorescence microscope fitted with a color CCD camera. In all experiments, the images were obtained under fixed settings of illumination, exposure times and camera gain. In few experiments, the samples were analyzed in a confocal Zeiss microscope model LSM 510 META.
Apoptosis studies. Cells (20,000 cells/cm 2 ) were seeded in B25 bottles; after cell attachment the cells were serum deprived for 24 h. Then, cells were treated with medium containing or not 2 nM estradiol, in the absence/presence of 2 μg/ml cP. At defined time periods, cells were released and aliquots were labeled with propidium iodide (PI, 10 mg/ml), treated with RNAse A (300 μg/ml) and analyzed for DNA content using using a FACScalibur (Becton-Dickinson, CA, USA) with the ModFit LT TM software (Becton-Dickinson).
Western blot analysis. For total cell protein extraction, cells were sonicated in 62.5 mM Tris, pH 6.8 containing 2% SDS, 50 mM DTT, 10% glycerol and 0.01% bromophenol blue. For electrophoresis, 10-20 μg protein samples were incubated for 5 min at 95˚C and loaded in 10% polyacrylamide gels.
Electrophoresis was carried out at 100 V using BioRad's Miniprotean chambers at RT. Bands were electrotransferred onto PVDF membranes, immunodetection was done by using the appropriate primary antibodies and peroxidase-labeled secondary antibodies and visualized by enhanced chemiluminescence (Renaissance Western Blot Chemiluminiscence kit from Perkin-Elmer, Boston, MA, USA). Phosphorylated ERK1/2 proteins were detected with the specific anti-phospho antibody and the rabbit antibody-antigen complexes tagged as indicated above. Relative levels of total ERK1/2 protein in each sample were determined by stripping the phosphospecific ERK1/2 antibodies from the membrane and reprobing with antibodies to non-phosphorylated ERK1/2. The immunoblot bands were analyzed with NIH Image J software.
Gelatin zymography. Matrix metalloproteinase (MMP) activities secreted into the culture medium by the tumor cells were analyzed by gel electrophoresis. Cells were incubated for 48 h in medium with 5% charcoal-treated calf-serum and then incubated for different periods with 2 nM estradiol in the presence or absence of 2 μg/ml cP. The cell medium was removed, mixed with two volumes of SDS sample buffer (0.125 M Tris-HCl, pH 6.8 containing 10% SDS, 8% sucrose, and 0.05% bromophenol blue), incubated for 30 min at 25˚C and applied on 7.5% polyacrylamide copolymerized with 0.1% gelatin. The electrophoresis was performed as indicated before. After the run, the gels were washed three times, 20 min each, with 2.5% Triton X-100 at room temperature and then incubated for 10 h at 37˚C in 50 mM tris pH 7.4 containing 5 mM CaCl 2 and 0.5 mM NaN 3 . The gel was stained with 0.5% Coomassie blue and destained in acetic acid/methanol solution.
Statistical analyses. The Anova Kruskal Wallis test was used to evaluate differences between samples and the respective Table I . Characteristics of donor animals and mammary tumors used to originate primary cell cultures. 
SPA, simple papillar adenocarcinoma; CPA, complex papillar adenocarcinoma; CC, complex carcinoma; MBT, mixed benign tumor; CTA, complex tubullar adenocarcinoma; FCC, fused cell carcinoma; SC, solid carcinoma.
controls; p<0.05 was considered significant. Data were analyzed with SyStat for Windows, release 6, SyS Inc. San José, CA, USA.
Results
Characteristics identified in the mammary tumors used for establishing defined primary cell cultures are summarized in Table I . All tumors were classified into six different types by histological analysis; six tumors did not show immunoreactivity for ER· or ERß, while the other neoplasias showed immunoreactivity for one or both estradiol receptor isoforms. All subsequent studies were done in primary culture obtained from 14 different cell strains. General properties of these canine mammary tumor cells are summarized in Table II . As indicated by the ESA to CK14 immunolabeling ratios, the cell cultures had a prevalent epithelial character, except for CMTC8. Eight primary cell cultures were ER-positive, retaining the ER isoform present in the original tissue, while the six cell lines originated from ER-negative tumors expressed no ER isoform. The table also shows the proliferative effect of 2 nM estradiol on all ER-positive primary cultures, which was reduced to basal values in the presence of 2 μg/ml cP. ER-negative tumor cells did not show response to estradiol treatment, nor were they affected by the presence of the cP in the culture medium.
The effects of estradiol and cP on the proliferation of canine mammary cells are exemplified by two individual cell strains, CMTC 9 and CMTC 11, representing ER-positive and ER-negative cells, respectively. Fig. 1A demonstrates a clear positive effect of 2 nM E 2 on cell growth, at both 48 and 96 h of treatment; this effect was abolished by the presence of 2 μg/ml cP during treatment. In contrast, ER-negative cells proliferated rather faster than ER-positive cells, but neither estradiol nor cP exerted an effect on cell proliferation at the time-points studied (Fig. 1B) . The mean proliferative Table II . Characteristics of the canine mammary tumor cells in primary culture.
-----------------------------------------------------------------------------------------------------Case
Ratio ESA/CK14 
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Ratio ESA/CK14, proportion between the percentages of ESA+ and CK14+ cells counted in 10 inspected fields. response of all cell samples at 96 h, is summarized in Fig. 2 ; the mean cell growth under 2 nM estradiol appears similar in both ER-positive and ER-negative cultures, however cell growth was inhibited by the presence of 2 μg/ml cP during treatment only in ER-positive cultures. The effect of 2 μg/ml cP on estradiol-stimulated cell proliferation was compared to that of 100 nM tamoxifen, using the ER-positive CMTC 6 strain. Results in Fig. 3 show that the inhibitory effect of these reagents was similar, limiting estrogen-dependent cell growth. No synergistic effect was observed upon treating cells in the presence of both compounds.
-----------------------------------------------------------------------------------------------------
Increased cell proliferation of mammary cells was also observed upon treatment with 5 ng/ml rh EGF treatment; Fig. 4 shows the cell growth-responses observed in the CMTC 9 strain. The presence of 2 μg/ml cP in the incubation medium inhibited also EGF-dependent cell proliferation (Fig. 4) . Analogous responses were also observed in another four cell strains tested, although the inhibitory action of cP The histogram depicts the percentage of change in cells as compared to initial cell number. C, non-stimulated cells, exhibiting cell basal growth (n=14); E 2 , cells exposed to 2 nM E 2 (n=8); cPE2, cells exposed to 2 nM E 2 and 2 μg/ml cP (n=8); NR, cells non-responding to E 2 nor to cP (n=6). Results are the mean ± SEM from independent experiments run in triplicate; * p<0.05 compared to C value. Figure 3 . Effect of cP and tamoxifen on estradiol-stimulated canine mammary tumor cell propagation. CMT 6 cells were incubated in the presence of 2 nM E 2 alone (empty bars), or 2 nM E 2 plus 2 μg/ml cP (vertically hatched bars), or in the presence of E 2 plus 100 nM tamoxifen (horizontally hatched bars), or in the presence of 2 nM E 2 plus 2 μg/ml cP and 100 nM tamoxifen (grey bars). The proliferation rates were expressed as a relative numbers, calculated in relation to the initial cell numbers (21,700 cells/cm 2 ). Values are mean ± SD of 3 experiments in triplicate. * p<0.05, as compared to control. was not observed in the case of EGF-stimulated CMTC 11 cell proliferation.
In human mammary tumor cells, estradiol activates the EGF pathway through increased synthesis and release of the MMP2, MMP9, followed by the shedding of heparin-binding epidermal growth factor (HB-EGF) from the cell membrane, with the subsequent activation of epidermal growth factor receptor 2 (HER2). Therefore, the effects of estradiol and cP on the secretion of MMPs were analyzed in the ERpositive CMTC 9 cells (Fig. 5) . As shown, estradiol rapidly increased the release of MMP2 and MMP9 by cells, independently of the cP presence (Fig. 5C) . Concomitant with the increased availability of MMPs, a rapid increase in HB-EGF shedding was observed ( Fig. 5B and C) . These estradiol effects were not inhibited by the presence of cP during cell stimulation.
The relationship between estradiol and EGF action was further analyzed in samples of the ER-positive CMTC 14 cells. Immunofluorescence studies showed that estradiol treatment of cells produced a rapid increase in the immunoreactivity for HER2, which remained for several hours after the stimulus. The presence of 2 μg/ml cP hindered the estrogen-dependent increase of this receptor (Fig. 6) .
We previously showed in human tumor cells that the indirect activation of HER2 by estradiol initiates complex intracellular signaling pathways leading to the phosphorylation of ERKs (9) . This relationship was analyzed in samples of the ER-positive CMCT 9 cells. Fig. 7 shows that after E 2 stimulation, there was an early increase in the cell levels of phosphorylated ERK1/2, reaching maximal values at 6 min; this cell response decreased significantly when the cells were incubated in the presence of 2 μg/ml cP.
Discussion
Canine cell lines have been used to study 'ex-vivo' the behavior of hormone-dependent and non-dependent neoplasias (17, 18) . Isolated tumor cells usually change along Figure 6 . Immunofluorescence for HER2 in CMT14 canine mammary tumor cells stimulated with estradiol and cP. Cells were grown for 48 h in medium containing 5% CDCS and stimulated for the indicated times with 2 nM E 2 alone (E 2 ) or E 2 plus 2 μg/ml cP (cPE 2 ). HER2 indirectly-immunostained with Alexa Fluor 594-labeled antibody, nuclei counterstained with Hoechst 33240, as described in Materials and methods. The bar represents 20 μm. culture due to genotypic and phenotypic instabilities (19) ; aiming to avoid this and utmost preserving the 'in vivo' conditions, the present studies were done with cells in primary culture, obtained from spontaneous canine mammary tumors.
As expected, tumor samples were heterogeneous considering the histological diagnostic and grade, as well as the clinical staging. Notwithstanding, the cells originating from the primary cultures of these various tumor tissues were predominantly of epithelial character, except one in fourteen strains that showed primarily a myoepithelial nature. ERpositive cells in primary culture expressed the same ER isoforms of the original tumor tissue. Therefore, these primary cultures of ER-positive mammary cells provided another experimental cell model to further analyze the cP inhibitory action on estrogen-dependent cells.
There is much interest in the effect of compounds that repress or annihilate the estrogen-dependent propagation of mammary cancer cells, in part because many mammary tumors treated with specific ER inhibitors may become resistant to their therapeutic action (4) . A cyclic nonapeptide, derived from · fetoprotein, has shown interesting inhibitory effects on the proliferation of estrogen-dependent mammary tumor cells. The cyclized peptide inhibits the estrogenstimulated growth of human, murine or rat mammary tumor cells (6, 7) and hinders the growth of human mammary tumors xenoimplanted into severely immuno-deficient (SCID) mice (8, 20, 21) . The cP does not show affinity for the estradiol receptors nor E 2 (5,10), but interferes with the estrogen-dependent cellular responses mediated by a population of extra nuclear localized ER, considered responsible for most non-genomic actions of estradiol (22, 23) .
In this study, we show that the cP also inhibits the growth of ER-positive canine mammary cancer cells in primary culture. These cells significantly increased their growth after treatment with either 2 nM E 2 or 5 ng/ml EGF, compared with cells incubated in plain medium. The simultaneous presence of 2 μg/ml cP in the medium inhibited the proliferative effect of both mitogens, coinciding with our previous observations using ER-positive human mammary tumor cells (9) . On the other hand, estradiol exerted no proliferative action, nor cP inhibited cell growth, in canine mammary cells lacking estradiol receptors, these observations are consistent with those obtained with ER-negative human MDA-MB-231 cells (10) . These results support the conclusion that the cP inhibitory action is exerted on ER-positive cells.
In human breast cancer cells, tamoxifen is a recognized specific ER inhibitor; the compound effectively repressed the estrogen-dependent growth of canine mammary tumor cells. We found that the cP effect on these cells was of similar extent to that of tamoxifen, although both reagents differ in their cell mechanisms (20, 21) . No further inhibition of cell growth was attained adding both reagents to cells in culture under these experimental conditions; however, in other cell systems, differing in dosage and incubation periods, the cP and tamoxifen worked cooperatively 'in vivo', inhibiting estrogen-dependent breast cancer growth (21) .
We recently reported on the antiproliferative effect of the cP in ER-positive human mammary tumor cells growing under E 2 or EGF stimulation (9) , showing that the effect of both mitogens is dependent on the activation of the epidermal growth factor receptors at the cell membrane. In cancer cells, EGFR and HER2 appear to be responsible of both the increased proliferation of tumor cells (3, 24, 25) and the development of resistance to anti-hormone therapy in human patients (4). As mentioned before, studies with human mammary tumor cells demonstrated that estradiol indirectly activates HER2 through the release of matrix metalloproteinases (26, 27) . The results presented here indicate that this system also operates in canine mammary tumor cells. Thus, estradiol treatment of canine mammary tumor cells developed a time-dependent increase in ERK1/2 phosphorylation, substantiating a crosstalk between the estradiol-and EGF signaling pathways, as previously detailed in human cells (3, 28) . It has been reported that stimulation of the EGFRs and IGFR is needed for a sustained proliferation of human mammary tumor cells (29) . The results presented here reinforce the concept that the activation of the EGFR pathway is necessary for cancer epithelial cell proliferation due to the control of MAPK activity (30) . At present, there is optimism in handling some mammary cancers that overexpress the HER2, employing EGFRs tyrosine kinase inhibitors (31, 32) . Further studies are needed to learn whether the cyclized peptide may be as useful as these inhibitors.
The roles of the estrogen receptors in physiological and pathological conditions are far from being clarified and Figure 7 . Phosphorylated ERK1/2 in extracts from CMT 9 mammary tumor cells. Cells were treated with 2 nM E 2 in the presence or absence of 2 μg/ml cP for the indicated periods; ERK1/2 phosphorylation assessed by Western blotting as described in Materials and methods (A). The histogram shows the ratio between phosphorylated and total ERK1/2 in cells treated with estradiol alone (empty bars) or in the presence of cP (grey bars, B). Results are the mean ± range from 2 independent experiments. additional strategies to fight estrogen sensitive mammary cancer are needed (3) . Among these, the selective inhibition of signaling components under crosstalk control by the ER and HER2, appears most appealing. Since our results confirm that cP affects this signaling crosstalk, we foresee effective responses of animals carrying spontaneous ER-containing mammary tumors upon treatment with the AFP-derived cyclized peptide, either alone or in combination with tamoxifen, as proposed earlier (8, 20) .
